Abstract: A miniaturized frequency selective surface (FSS) composed of wire grid and tortuous pattern of cross-dipole element has been proposed to realize a first-order band-pass response. Resonant frequency of the proposed FSS can be adjusted by changing tortuous factor of the cross-dipole element. Sharper one-side roll-off characteristic and better resonant frequency angular stability can be obtained by the proposed FSS with a larger tortuous factor. Also, by cascading the proposed FSS of different tortuous factors, a dualband frequency filter property can be obtained. The proposed FSS is analyzed by equivalent circuit method and full-wave simulations.
Introduction
Frequency selective surfaces (FSSs) are one or two dimensional periodic structures and have been widely applied to construct antenna reflectors, hybrid radomes, optical filters and electromagnetic shields [1, 2] . Theoretically, FSSs are planar and infinite structures. However, in the aforementioned applications, FSSs are placed in finite space. In order to make finite FSS perform the characteristics of the infinite one, the constituting element should be small enough [3] . For this purpose, different FSS structures with a miniaturization characteristic have been proposed. Miniaturized FSS composed of metallic patches and wire grids is proposed in [4] . Slot type FSS backed with metallic patches to realize the miniaturization characteristic is presented in [5] . Convoluted structures have been proposed to design miniaturized FSS in [6, 7] . Miniaturized FSSs based on spiral pattern of metallic lines are proposed in [8, 9, In this paper, a miniaturized band-pass FSS based on the combination of wire grid and tortuous pattern of cross-dipole element has been proposed. Its resonant frequency can be adjusted by changing the tortuous factor of cross-dipole element. And, compared with the miniaturized FSS structures proposed in [7, 8, 9 , 10], the proposed FSS has a sharper one-side roll-off characteristic and a better angular stability characteristic. Also, by cascading the proposed FSS with different tortuous factors, a dual-band frequency filter property can be obtained.
FSS structure and its equivalent circuit model
As shown in Fig. 1 , the proposed FSS is composed of wire grid and cross-dipole element, which is mounted on one side of the dielectric substrate. As discussed in [16] and [17] , the cross-dipole element can be modeled with a series LC resonator and the wire grid can be depicted with an inductor, respectively. Hence, the proposed FSS can be modeled with the parallel of an inductor and a series LC resonator. And the dielectric layer can be modelled with a short transmission line. Thereby, transmission coefficient of the proposed FSS structure can be analyzed with the equivalent circuit model (ECM) in Fig. 2 . In our design, thickness of the dielectric substrate is relatively small. As a result, effect of the dielectric layer can be ignored when discussing the frequency filter property of the proposed FSS structure according to the equivalent circuit model in Fig. 2 . Then, sheet impendence of the FSS structure can be calculated as follows:
Where L 1 is the equivalent inductance of the wire grid, L 2 and C 2 are the equivalent inductance and capacitance of the cross-dipole element, respectively. And the frequencies of the pole and the zero can be determined as
As indicated by Eq. (1) and Eq. (2), a transmission pass-band of first-order response is achieved with the combination of wire grid and cross-dipole element. And the pass-band will have a sharp one-side roll-off characteristic because of the existence of the transmission zero.
Values of L 1 , L 2 and C 2 can be obtained with the curve-fitting method proposed in [16] . First, the FSS impendence Z FSS of the proposed FSS structure can be determined with full-wave solver. Then, putting Eq. (2) into Eq. (1), value of L 1 can be obtained as follows
Then, putting Eq. (3) into Eq. (2), values of L 2 and C 2 can be determined by
According to Eq. (2), resonant frequency of the proposed FSS can be decreased by increasing the inductance and capacitance, simultaneously. As discussed above, values of L 1 , L 2 and C 2 can be changed by adjusting parameters of wire grid and cross-dipole element, respectively. In our design, different tortuous patterns of cross-dipole element have been adopted to change values of L 2 and C 2 . As a result, different miniaturization characteristics can be achieved. Here, tortuous factor k is defined to depict tortuous patterns of the cross-dipole element, as shown in Fig. 3 .
Simulation results
To verify the validation of the proposed FSS, both equivalent circuit method and full-wave simulations with commercial software HFSS have been adopted. In HFSS software, periodic boundary conditions have been applied to calculate the transmission coefficient with only one FSS unit cell. In which, "Floquet Port" is adopted to set the incident angle and polarization of the excitation wave and "Master + Slave" boundary has been applied to imitate the infinite periodic structure. And the "Floquet Port" is placed with a distance of 30 mm of each side of the FSS unit cell.
Firstly, transmission coefficients of the proposed FSS with different tortuous factors (k ¼ 1; 3; 5; 7) have been calculated with HFSS. The proposed FSS is mounted on one side of a substrate with a permittivity of " r ¼ 3:4, a thickness of h ¼ 0:5 mm. Geometrical parameters of the FSS shown in Fig. 1(a) are as follows: D x ¼ D y ¼ 6:6 mm, w ¼ 0:2 mm, g ¼ 0:2 mm and s ¼ 0:1 mm. As shown in Fig. 4(a) , resonant frequency of the proposed FSS structure decreases with the increase of tortuous factor k, and then, a miniaturization characteristic is achieved. Furthermore, with the increase of tortuous factor k, a sharp one-side roll-off characteristic of the pass-band is observed. To evaluate the one-side roll-off characteristic, an evaluation factor S is adopted and defined as S ¼ jf À3dB À f À10dB j, where f À3dB is the −3 dB cut-off frequency of the pass-band and f À10dB is the −10 db cut-off frequency of the stop-band.
Secondly, transmission coefficient of the proposed FSS with a tortuous factor k ¼ 7 at normal incidence is calculated with equivalent circuit model shown in Fig. 2 using Eq. (6) Fig. 4(b) , the proposed FSS with a tortuous factor k ¼ 7 can provide a pass-band operating at 3.15 GHz and the corresponding unit size is only 0:0693 0 Â 0:0693 0 . Also, the −3 dB cut-off frequency and the −10 dB cut-off frequency is f À3dB ¼ 3:26 GHz and f À10dB ¼ 3:35 GHz, respectively. As a result, the one-side roll-off evaluation factor is S ¼ 0:09 GHz. Meanwhile, transmission coefficient obtained with the equivalent circuit model agrees with that obtained with HFSS, which demonstrates the validation of the proposed method.
Then, transmission coefficients of the proposed FSS with a tortuous factor of k ¼ 7 under oblique incidence with different polarizations are investigated. As shown in Fig. 5 , the resonant frequency keeps stable under oblique incidence. And the resonant frequency deviation is only 0.27% and 0.32% for TE and TM polarization of 60°incident angle, respectively.
For further verification of the excellent angular stability characteristic and the sharp one-side roll-off characteristic of the proposed FSS structure, comparisons between the convoluted structures proposed in published papers have been carried out and the results are shown in Table I . From the comparisons, it can be observed that sharper one-side roll-off characteristic and better angular stability can be obtained with the proposed FSS structure with a larger tortuous factor. It is should point out that structures in [7] and [8] are proposed to realize a band-stop miniaturized FSS. Hence, their complementary patterns are adopted in our work to realize a band-pass characteristic and to demonstrate the performance of our proposed FSS structure.
Finally, cascading case of the proposed FSS is investigated. As discussed above, the proposed FSS can be modeled the parallel of an inductor with a series LC resonator and its resonant frequency can be changed by the tortuous factor. Hence, by cascading the proposed FSS with different tortuous factors, a dual-band frequency filter property can be obtained. Based on this point, a dual-band FSS structure is designed, in which the first FSS layer is composed of the proposed FSS with a tortuous factor of k ¼ 1 and the second one is with a tortuous factor of k ¼ 7. And the two layers of FSS are separated by dielectric substrate with a permittivity of " r ¼ 3:4, a thickness of h ¼ 2 mm. Its equivalent circuit model is shown in Fig. 6 . In which, L 1 , L 2 and C 2 are parameters of the first FSS with a tortuous factor k ¼ 7 and L 3 , L 4 and C 4 are parameters of the second FSS with a tortuous factor k ¼ 1.
Also, transmission coefficient of the dual-band FSS structure at normal incidence is calculated with equivalent circuit method and HFSS. According to Eq. (2) and Eq. (3), parameters of the two FSS layers are derived, respectively, as follows: 1:84 nH, C 4 ¼ 0:2 pF. As shown in Fig. 7 , the FSS structure has two pass-bands operating at 3.15 GHz and 5.51 GHz, respectively. Good agreements between the two methods can be observed, which demonstrates that dual-band frequency filter property can be obtained by cascading two FSS layer with different tortuous factors.
Conclusions
A miniaturized FSS composed of wire grid and tortuous patterns of cross-dipole element is proposed, in this paper. Simulation results show that better angular stability characteristic and sharper one-side roll-off characteristic can be obtained with the proposed FSS of a larger tortuous factor. Also, dual-band frequency filter property can be obtained by simply cascading the proposed FSS with different tortuous factors. The proposed FSS can be used to construct FSS radomes.
